Lumbar spinal stenosis (LSS) is increasingly recognized as a cause of lower back pain in older patients, and it has become the most common indication for lumbar spine surgery in the elderly.
Entrapment of the cauda equina roots by hypertrophy of the osseous and soft tissue structures surrounding the lumbar spinal canal is often associated with an incapacitating pain in the back and lower extremities, diculty in ambulation, leg paresthesias and weakness and, in severe cases, bowel or bladder disturbances. The characteristic syndrome associated with lumbar stenosis is termed`neurogenic intermittent claudication' (NIC) (1) . However, certain patients develop bilateral motor and sensory disturbances which is known as`cauda equina syndrome' (CES). Because LSS may lead to irreversible neurological damage and functional disability, early diagnosis and management are important (2) .
Only some studies have examined the clinical ®ndings of spinal canal stenosis and the resulting neurophysiological changes (3, 4) . Moreover, there is insucient information on the degree of agreement among radiology, EMG and lumbosacral root stimulation, and the extent to which electrophysiology demonstrates the root abnormalities in patients with NIC. This study aims to investigate the diagnostic value of electrical stimulation of lumbosacral roots in a group of spinal canal stenosis patients, and to study whether this method should be included among the electrodiagnostic techniques of these patients.
Materials and methods
Twenty patients with LSS admitted to the Departments of Neurosurgery and Neurology were studied. Their ages ranged from 38 to 69 years (mean age 53.1; 14 females, 6 males). Patients with peripheral neuropathy were excluded.
Patients with LLS were divided into two groups according to their clinical presentation. The ®rst Objectives ± This paper compares the diagnostic sensitivity of two tests in lumbar spinal stenosis (LSS): lumbosacral root stimulation with needle electrodes and needle electromyograph (EMG) I I
. Material and methods ± Twenty patients with LSS were assigned to two groups: Patients with`neurogenic intermittent claudication' (NIC) only (n 11), and patients with`neurological signs' (n 9). Ten normal subjects were also examined. The eects of direct stimulation of the lumbosacral roots and conventional EMG recorded from important muscles [rectus femoris (RF): L4, tibialis anterior (TA): L5, soleus muscle (SOL): S1], were compared with each other and correlated with their respective clinical ®ndings and radiological images. Results ± Needle EMG and nerve conduction study revealed pathology in 15/20 patients, and electrical stimulation of the roots in 17/20 patients. Agreement in radiological ®ndings with electrical stimulation of the roots and EMG was found in 12 patients. The other patients were harmonic with radiological ®ndings either in EMG or in electrical stimulation of the roots. Conclusions ± Electrical root stimulation revealed more abnormalities in patients with LSS in comparison with needle EMG. However, both methods seemed to complement each other to show additional pathology in a given patient. group consisted of 11 patients (three males, eight females; mean age 52 and ranges 38±68) who had complained of a typical`claudication' only, i.e. leg pain and/or motor and sensory disturbances brought on by walking less than 100 m. The patients in this group were neurologically normal at rest, except for their complaints known as`NIC'. This group was brie¯y designated as Group 1.
The second group consisted of patients who had objective neurological signs in addition to the typical complaints of neurogenic intermittent claudication. There were nine patients (six females, three males; mean age 54.5, ranges 39±69). This group was designated Group 2. Their neurological ®ndings were summarized in Table 1 .
Computerized tomography (CT) (17 patients) and magnetic resonance imaging (MRI) (10 patients) were performed for radiological diagnosis. Radiological ®ndings were reported by a second observer (N.Y.) who knew nothing about the patients' clinical status. Diagnostic criteria for LSS was designated as 12 mm or less AP diameters of spinal canal on CT or T1-weighted MR images.
Ten normal subjects with normal neurological examination and with no complaints of lower back pain were studied. They had no history of peripheral nervous system disorders. Their ages ranged from 25 to 61 years (six females). An informed consent was obtained from all normal subjects and patients, and the Hospital Ethics Committee approved the study.
All patients were examined using conventional EMG techniques in order to localize the myotomal diagnosis. The following muscles in the legs were investigated bilaterally both for needle EMG and root stimulation: Rectus femoris (RF) for L4, tibialis anterior (TA) for L5, and soleus (SOL) muscles for S1 segmental motor innervation. Motor and sensory nerve conduction velocities were measured from the ®bular, posterior tibial and sural nerves in all patients, including the control group.
For the conventional EMG, concentric needle electrodes (DISA type 13, K03; DISA, Copenhagen, Denmark 2 ) were used. In all muscles, spontaneous diphasic and positive denervation potentials were searched at rest and the reduced interference pattern of motor units on the maximal eort were systematically explored from at least 10 dierent points in each muscle investigated. Peroneal and posterior tibial motor and sural nerve sensory conduction velocities were routinely determined. Bipolar surface-recording electrodes were placed approximately 4 cm apart over the muscle belly to record compound muscle action potentials (CMAP) evoked by the lumbosacral root stimulation (Medelec Mystro-SE-40±53055, Great Britain, and Phasis, Esaote Biomedica, Florence, Italy 3 ). Details of the lumbosacral root stimulation are reported elsewhere (3, 5) .
Lumbosacral root stimulation was performed with the subject lying in prone position on the examination bed. Needle electrical stimulation was performed at the L1±L2 intervertebral level. The stimulation electrodes were sterilized stainless steel needles coated with Te¯on, except at the tips (DISA 13 L E2). The long needle used as a cathode was introduced between the spinal processes of L1 and L2. The short needle was inserted in the midline subcutaneously, 2 or 3 levels above the cathode. The tip of the needle electrode (cathode) was placed at the dorsal part of the laminae of the lumbar spine. Then, rectangular electrical pulses of 1.0 ms duration with an intensity of 60±150 V were delivered through the needle electrodes.
During electrical stimulation at the spine level, simultaneous recordings were made from both sides of the homologous muscles i.e. the soleus (S1), TA for (L5), and RF for (L4) by using surface bipolar recording electrodes (Medelec, 17981; Oxford Instruments±Medical, Old Woking, UK 4 ) (Fig. 1) .
The latency times obtained from the lumbar root electrical stimulation of 10 normal subjects were 15.2 AE 1.4 ms for SOL (S1), 14.6 AE 1.3 ms for TA (L5), and 9.8 AE 1.6 ms for RF (L4) muscles. No individual abnormal ®ndings were found in this group. The latency times of normal subjects were compared with those obtained from the patients. The upper limit of the normal range (mean + 2.5 SD) was 19 ms in SOL, 18 ms in TA, and 14 ms in RF muscles. In addition to these upper range values of absolute latencies, the latency dierence was used and 1.1 or longer ms dierence between two homologue leg muscles was accepted as a pathological ®nding. The amplitude values of M-responses were not used for this study.
Results
The clinical, radiological and electrophysiological results of individual patients are listed in Table 1 . Fig. 2 shows typical M-responses of the leg muscles obtained with lumbosacral motor root stimulation from a patient (A) and from a normal subject (B).
The most frequent ®nding was a signi®cant prolongation of the absolute latency times surpassing the upper limit of normal latencies either unilaterally or bilaterally (Table 2 ).
In the NIC group, the electrical stimulation of lumbosacral roots revealed either bilateral or unilateral prolongation of M-response latencies to A.E. Bilateral L4, S1, Right L5
10.
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Group 2 (neurological signs + neurogenic intermittent claudication)
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Left L5, S1
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Bilateral L5, S1. Right L4 L4, L5 or S1 muscles in all but two of the patients. Similarly, needle EMG and NCS (nerve conduction study) were also abnormal and indicated partially denervated muscle in 8 of 11 patients. In three patients with normal needle EMG, the responses to lumbosacral root stimulation were abnormal. In another two patients with normal lumbosacral root stimulation, the needle EMG was abnormal. Therefore, those discrepancies between the needle EMG and the lumbosacral root stimulation may be regarded as complementary because each adds further diagnostic information. When the radiological ®ndings were compared with the speci®c localization of the various roots in the NIC group, there was a correlation of radiological ®ndings with ERS and EMG in six patients (Fig. 3) . In addition, two patients had harmonious ®ndings in radiology and EMG, and two patients in radiology and ERS. Thus, in spite of the lack of neurological signs, either EMG or ERS demonstrated an abnormality of motor roots in all 11 patients with pure NIC. In one patient there was no coherence between neurophysiological and radiological examinations.
In nine patients with objective neurological ®ndings, i.e. Group 2, the abnormalities in needle EMG and ERS were higher than in Group 1 where all patients but one had signi®cant EMG and lumbosacral root stimulation abnormalities. In addition, in this group, the number of root involvements detected by ERS was slightly higher than with the needle EMG (Table 1) .
Overall, the needle EMG and NCS revealed pathology in 15 of 20 patients (75%) and ERS in 17 of 20 patients (85%). This may mean that the ERS method is slightly more sensitive than EMG and NCS in the case of this patient population. However, both methods seemed to complement each other by showing additional pathology in a given patient.
Discussion
The LSS can be diagnosed by the typical clinical history of NIC and neuroimaging techniques such as MRI and computed tomography (CT) scans. However, the objective clinical signs may be absent in neurological examination, as in our 11 patients in the NIC group. The subclinical radicular involvement should be unmasked functionally in these patients. Secondly, the extent and degree of multiple lumbar radicular involvements should be evaluated even in patients having objective clinical ®nding as in the case of our nine patients in CES groups. Thirdly, certain neurological ®ndings may be equivocal or uncertain as other systemic diseases such as peripheral arterial disorders, diabetes mellitus, among others may exist in certain patients. Therefore, it is necessary to evaluate multiple radicular roots by means of the electrophysiological methods.
Group 1 patients (NIC only) have mild, Group 2 patients (CES) severe radicular involvement and lumbar stenosis. One of the reasons to use clinical quantitation is that asymptomatic abnormalities in lumbar spine is demonstrated in onethird of asymptomatic persons 50±70 years old (6) . Dynamic compression of the nerve roots caused by segmental instability is another reason of symptoms. So there is no good correlation between symptom severity and radiological ®ndings.
Various electrophysiological techniques have been used to detect nerve root involvement in patients with LSS. In a recent review, it has been reported that needle EMG is variable and bilateral in multiple lumbosacral radiculopathies (cauda equina lesions). These EMG ®ndings were found in approximately half of the patients with LSS (7).
Bilateral-multiple root involvement was found in 13 of 20 patients (65%) including the patients in the NIC group. This may mean that only needle EMG examination is able to reveal bilateral/multiple root involvement in more than half of LSS patients. Nevertheless, needle EMG was found to indicate the unilateral single or multiple involvement in certain other patients. If we look at the overall abnormal EMG and NCS ®ndings, needle EMG can be recognized as a test that is capable of detecting root abnormalities in 15 of 20 patients, which is approxomately 75% of patients with LSS. If the needle EMG eectively searches leg muscles bilaterally, it is an important auxillary tool for detecting root abnormalities in LSS. Similar results have been found in certain other studies related speci®cally to unilateral radiculopathies (5, 8±10).
Alternative methods to lumbosacral radicular stimulation have not been proved more useful than EMG, both in unilateral lumbosacral radiculopathies, and in LSS. For example, there is some controversy concerning the utility of F-wave (10±12). Soleus H-re¯ex measurement is only useful in cases Table 2 Qualitative findings of root stimulation from right (R) and left (L) tibialis anterior (TA), soleus (SOL) and rectus femoris (RF) muscles. (1 normal response; 2 latency difference between two legs >1.1 ms; 3 delayed response or >mean + 2.5 SD; 4 no response)
with sacral 1 radiculopathies (7, 10) . The usefulness of the somatosensory evoked potentials including dermatomal sensory evoked potentials is debatable and such studies have led to con¯icting results in lumbosacral radiculopathies and LSS (4, 7, 13±17) . In addition to their insensitivity and contradictory results, the electrodiagnostic methods mentioned above are indirect techniques for the detection of the root abnormalities.
On the other hand, it is possible to stimulate the lumbar roots directly, either by high voltage percutaneous (18±20) electrodes or at the laminar level (3, 21) delivering electrical shocks. Similarly, the magnetic coil stimulation of the lumbar roots have been studied (3, 22±26) . Magnetic coil stimulation is a non-invasive test, but it does not seem to be as sensitive as electrical stimulation (22, 25, 27) . In a previous study, Ertekin et al. have shown the superiority of needle electrical stimulation over magnetic stimulation in 30 patients with lumbar radiculopathy (3). Indeed, needle electrical stimulation of the lumbosacral roots at the laminar level of the L1±2 intervertebral spaces has revealed root abnormalities in 80% of 58 patients with various kinds of lumbar radiculopathy, while the diagnostic value of needle EMG was 65% in the same patient group. In 15 patients with LSS, the needle EMG showed bilateral or unilateral L5 or S1 or both root involvement in 60% of patients while the root abnormalities were again revealed (in more than one root) in 80% of patients with LSS (3). In the present study, both needle EMG (75%) and electrical root stimulation (85%) techniques have revealed very high positive values in 20 patients with LSS.
It is interesting that a high number of root abnormalities are detected in patients either with or without neurological ®ndings. High incidence of root abnormalities unmasked by the electrical stimulation of the lumbar roots may suggest that low-grade compression on the aected roots must have been chronical. This may be explained by the signi®cant local slowing in motor root conduction in many of the patients (see Fig. 1 ) in comparison with acute unilateral single root compression (5) . This is possibly the result of local demyelination in compressed segments of motor roots (28±30). However there must also be an axonal injury in motor nerve ®bres that allows sucient time to produce spontaneous denervation activity or a change in motor unit potentials in EMG, as was found in 75% of patients with LSS.
Further studies to investigate the value of this technique on the evaluation of outcome of speci®c treatment techniques (i.e. surgical decompression) would be valuable.
Conclusions
In conclusion, electrical stimulation of the lumbosacral roots and needle EMG of leg muscles are useful tests for revealing the involvement of compressed and/or injured roots. Both electrophysiological methods should be complementary to each other in the evaluation of the LSS.
